Aims: Endoplasmic reticulum (ER) stress has been demonstrated to regulate neuronal death caused by ischemic insults via activation of apoptosis, but it still remains unclear whether ER stress participates in regulation of parthanatos, a new type of programmed cell death characterized by PARP-1 overactivation and intracellular accumulation of PAR polymer.
| INTRODUCTION
Ischemic stroke is one of the primary factors causing adult death or disability in the world. 1 Cerebral ischemia is found to trigger programmed neuronal death via induction of parthanatos, as well as apoptosis. 2, 3 As a new modality of programmed cell death, parthanatos is characterized by a series of choreographed biochemical events including overactivation of poly (ADP-ribose) synthetase 1 (PARP-1), intracellular accumulation of PAR polymer, mitochondrial depolarization, and nuclear translocation of apoptosis-inducing factor (AIF). 4 The nuclear AIF would cause cell death via induction of chromatolysis or chromatin condensation. 5 Parthanatos is different with apoptosis, considering that it is energy-independent and does not lead to the formation of apoptotic body. 6 However, parthanatos has some features similar to apoptosis, which include phosphatidylserine flipping onto the outer plasma membrane, mitochondrial membrane potential decline, and chromatin condensation. 6 Besides cerebral ischemia, parthanatos has been reported to be involved in various pathological processes such as diabetes, inflammation, and brain trauma. [7] [8] [9] [10] Despite DNA break is identified as the major initiator of parthanatos, 4-6 the factors regulating parthanatos occurrence remain elusive. Thus, identification of the regulatory factors of parthanatos would benefit to develop new treatment strategy for these diseases.
Endoplasmic reticulum (ER) stress resulting from accumulation of unfolded and misfolded proteins within ER lumen has been reported to account for the neuronal death induced by cerebral ischemia, hypoxia, and trauma. [11] [12] [13] Mild ER stress (unfolded protein response) exerts protection against cell damage, whereas sustained ER stress leads to cell death. 14 Therefore, ER stress plays dual roles in regulation of cell destiny. Under condition of ER stress, GRP78, ATF6, phosphor-PERK, and phosphor-IRE1 are upregulated and thus regarded as the markers of ER stress. 14, 15 Although accumulating evidence has shown that ER stress contributes to cell death via induction of apoptosis and lethal autophagy, 16, 17 its role in the occurrence of parthanatos still remains unclear.
Oxygen and glucose deprivation (OGD) due to lack of cerebral blood supply is the common features of global and focal cerebral ischemia, and is regarded as a major pathological basis leading to neuronal death. 15 SH-SY5Y cells are human neuroblastoma cells sharing similar properties with neurons in morphology, neurochemistry, and electrophysiology. 18 Therefore, OGD of SH-SY5Y cells is often used to study neuronal injury or death caused by ischemic insults. Although animal studies suggest ischemia induces neuronal death via overactivation of PARP-1, 6 the role of OGD in PARP-1 activation remains unclear.
Additionally, whether ER stress participates in regulation of parthanatos are needed to be addressed despite ER stress has been demonstrated to account for OGD-induced death in SH-SY5Y cells. 15, 19 Thus, in this study, we use OGD and SH-SY5Y cells to mimic cerebral ischemia and investigate the above-mentioned two issues.
| MATERIALS AND METHODS

| Reagents
4-Phenylbutyric acid (4-PBA), N-acetyl-L-cysteine (NAC), trehalose, and 3AB were purchased from Sigma-Aldrich Company (St. Louis, MO).
Anti-PAR polymer (AM80) was from Calbiochem company (Danvers, MA). PARP-1(14-6667) was from eBioscience company (San Diego,
antiphospho-IRE1(S724)(ab124945), anti-Histone-H3(ab1791), and anti-AIF(ab32516) were from Abcam company (Cambridge,
anti-mouse IgG (#7076), and horseradish-peroxidase-conjugated antirabbit IgG (#7074) were from Cell Signaling Technology (Danvers, MA). Antiphospho-PERK(Thr981)(sc-32577) was from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-β-actin (AA128), lipid peroxidation MDA assay kit and glutathione assay kit were from Beyotime Biotech (Nanjing, China). The SiRNA was purchased from GenePharma
Company (Suzhou, China).
| Cell culture and oxygen-glucose deprivation
Human SH-SY5Y cells were obtained from Shanghai Institute of Cell Biology, Chinese Academy of Sciences (Shanghai, China). Cells were cultured in DMEM supplemented with 10% fetal bovine serum, 2 mmol/L glutamine (Gibco, Grand Island, NY, USA), penicillin (100 U/ ml), and streptomycin (100 μg/ml), and maintained at 37°C and 5% CO 2 in a humid environment. The medium was replaced twice each week.
Oxygen-glucose deprivation was carried out when the SH-SY5Y cells were seeded for 24 hours. As described previously, 20 the cells were placed in a modular incubator chamber (Billups-Rothenberg, Del Mar, USA) after the culture medium was replaced with oxygenglucose-free DMEM, which was produced by 5 minutes of bubbling glucose-free DMEM with a mixture of 95% N 2 and 5% CO 2 . Then, the chamber was sealed and flushed with a mixture of 95% N 2 and 5% CO 2 for 5 minutes at a flow rate of 25 L/min. Finally, the chamber was placed at 37°C incubator for 24 hours to produce lethal OGD after the two ports were sealed.
| LDH release cell death assay
SH-SY5Y cells were seeded onto 96-well microplate and cultured 24 hours, and then treated with OGD for indicated periods. The cell death due to cell membrane damage was examined by measuring the levels of lactate dehydrogenase (LDH) in the culture medium via using a detection kit (Beyotime Biotech, Nanjing, China). 21 The levels of LDH in the cultured medium were determined using a colorimetric reaction reading of absorbance at 490 nm according to manufacturer's protocol.
| Measurement of intracellular ROS
SH-SY5Y cells were seeded onto 96-well microplate and cultured 24 hours, and then treated with OGD for indicated periods. The levels of intracellular ROS were measured using ROS probe DCFH-DA (Beyotime Biotech, Nanjing, China) as described previously. Other groups of SH-SY5Y cells seeded onto a culture dish with 3 cm diameter were treated with OGD and stained with DCFH-DA as described above. Then, the cells were observed under fluorescence microscope (Olympus IX71, Tokyo, Japan).
| Mitochondrial membrane potential (JC-1) assay
The Another group of cells seeded onto a culture dish with 3 cm diameter were treated with OGD and stained with JC-1 as described above, and then were observed under fluorescence microscope (Olympus IX71, Tokyo, Japan).
| Transfection of small interfering RNA (siRNA)
The SH-SY5Y cells (4 × 10 
| Protein isolation
As described previously, 19 the SH-SY5Y cells were homogenized after being collected by centrifugation and suspended in ice-cold lysis buffer. The homogenates were centrifuged at 10 000 g for 10 minutes at 4°C to isolate the supernatants containing cytoplasm fraction and the pellets including nucleus fraction. The protein concentrations of both supernatants and pellets were determined using Bio-Rad protein assay kit.
| Gel electrophoresis and Western blotting
Equal protein amounts were electrophoresed on 10% SDS gels and transferred to PVDF membranes (Millipore, Billerica, MA, USA).
Membranes were blocked with 3% bovine serum albumin in TBS for 30 minutes at room temperature, and incubated overnight at 4°C
with the following primary antibodies including: anti-PAR polymer 
| Immunocytochemical staining
| Detection of lipid peroxidation
The 
| Measurement of intracellular glutathione (GSH)
Intracellular total GSH was measured using the DTNB-GSSH reductase recycling assay kit (Beyotime Biotechnology, Nanjing, China) as described by the manufacture. Briefly, the cells in each group were collected by centrifugation at 800 g for 5 minutes and washed twice with PBS. The cell pellets were resuspended in protein-removing buffer S and lysed by repeated cycles of freezing and thawing under liquid nitrogen. The cell lysates were centrifuged at 10 000 g for 10 minutes at 4°C to get the supernatant used for intracellular total GSH assay. GSH content was expressed as a ratio to the absorbance value at 412 nm of the control cells.
| Statistical analysis
All data represent at least 4 independent experiments and are expressed as mean±SD. Statistical comparisons were made using oneway ANOVA. P-values of less than 0.05 were considered to represent statistical significance.
| RESULTS
| OGD inhibited the viabilities and induced death of SH-SY5Y cells
To evaluate the effect of OGD on SH-SY5Y cells, MTT assay was used to examine cellular viability. As shown in Figure 1A , the cel- 
| OGD induced activation of PARP-1 and nuclear translocation of AIF
To demonstrate whether PARP-1 is involved in the cell death caused by OGD, we assayed its activity by detecting the levels of PAR polymer, which is a product of activated PARP-1. As Western blotting showed PAR polymer increased significantly in both cytoplasm 
| PARP-1 contributed to OGD-induced SH-SY5Y cell death
To elucidate the role of PARP-1 in OGD-induced death in SH-SY5Y cells, we used PARP-1 inhibitor 3AB to incubate the cells for 1 hour and then exposed the cells to OGD for 24 hours. LDH release assay showed that pretreatment with 3AB at 500 μmol/L significantly prevented OGD-induced cell death ( Figure 3A) . Then, we found that OGD-induced increase in PAR polymer and upregulated expression of PARP-1 were both obviously inhibited in the presence of 3AB To further verify the role of PARP-1 in OGD-induced SH-SY5Y cell death, we knocked down its levels using small interfering RNA (SiRNA).
Western blotting proved that OGD-induced upregulation of PARP-1, PAR polymer production, and AIF accumulation in nucleus was all mitigated in the cells transfected with PARP-1 SiRNA, when compared with the cells transfected with scrambled SiRNA (Figure 3E,F) .
Notably, as revealed by LDH release assay, the cells became resistant to OGD-induced death when PARP-1 was knocked down by SiRNA ( Figure 3G ). Therefore, these data suggested PARP-1 contributed to OGD-induced death in SH-SY5Y cells.
| ROS regulated OGD-induced PARP-1 overactivation
To clarify why OGD could cause PARP-1 overactivation, we examined OGD-induced changes in intracellular ROS levels. Fluorescence microscopy showed the green fluorescence detected by ROS probe DCFH-DA was much brighter in the cells exposed to OGD than that in the control cells ( Figure 4A ). Statistical analysis of the fluorescence intensity proved that ROS was excessively produced in the cells stressed with OGD for 12 hours, and arrived at a higher level at 24 hours ( Figure 4B ). Consistently, MDA which is a marker of lipid peroxidation increased correspondingly with the elevation of ROS ( Figure 4C ). In contrast, intracellular antioxidant GSH decreased significantly at each time point ( Figure 4D ). These results indicated that OGD induced oxidative stress in SH-SY5Y cells. However, either the increases of ROS and MDA or the decrease in GSH resulting from OGD exposure were significantly suppressed when the cells were pretreated with antioxidant NAC at 3 mmol/L for 1 hour (Figure 4B-D) . Moreover, LDH release assay showed as well that the cell death caused by OGD was inhibited accordingly in the presence of NAC ( Figure 4E ). Thus, these data indicated that ROS regulated OGD-induced death in SH-SY5Y
cells.
Then, we examined the effect of NAC on OGD-induced changes in PARP-1, and found that the increased levels of PAR polymer and PARP-1 due to OGD exposure were both mitigated by NAC ( Figure 4F,G) . Consistently, mitochondrial membrane decline and AIF translocation which were the downstream biochemical events of PARP-1 activation were partially reversed ( Figures 3D and 4G ).
Therefore, these indicated that ROS was involved in regulation of PARP-1 activation and expressional upregulation caused by OGD. 
| ER stress contributed to OGD-induced overproduction of ROS
Given that ROS is an upstream regulator of PARP-1-dependent death and could be produced during the process of ER stress, we tested whether OGD could activate ER stress. As revealed by Western blotting, the cytoplasmic levels of GRP78, ATF6, IRE-1, phospho-IRE-1, PERK, phosphor-PERK, eIF2α, phosphor-eIF2α, and ATF4, which are markers of ER stress, were time-dependently upregulated in the cells stressed with OGD ( Figure 5A ). Moreover, the nuclear levels of Figure 5G ). Accordingly, the nuclear accumulation of AIF caused by OGD was alleviated ( Figure 5G ). Thus, these data indicated that ER stress participated in the regulation of OGD-induced PARP-1-dependent cell death.
| DISCUSSION
In this study, we found that PARP-1 played a crucial role in regulation However, overactivated PARP-1 could transform nicotinamide adenine dinucleotide (NAD+) into long PAR polymers, which produces cytotoxic effects after translocation from nucleus into cytoplasm. 5 Two main criteria are often used to determine the occurrence of parthanatos. One is excessively generated PAR polymers accompany cell death;
the other is the cell death should be completely or partially prevented when PARP-1 is inhibited or deleted. 5 In this study, we found that OGD induced cell death in a time-dependent manner, which was accompanied with time-dependent expressional upregulation of PARP-1 and increase in PAR polymer. However, when PARP-1 was pharmacologically inhibited by its specific inhibitor 3AB or genetically knocked down with SiRNA, the death of SH-SY5Y cells due to OGD exposure was prevented significantly. Because these findings were consistent with the criteria for defining parthanatos, we think that parthanatos is also involved in OGD-induced cell death.
PAR polymer is thought to be an executioner of parthanatos on the basis that exogenous delivery of purified PAR polymer could kill cells and the toxic potential of PAR polymer increases with the polymer complexity. 22 Mitochondrion is a downstream target of cytoplasmic PAR polymer. PAR polymer induces mitochondrial membrane potential collapse and AIF release from the outer mitochondrial membrane pool. 6 Moreover, recent studies have shown that nuclear AIF leads to cell death via causing chromatin condensation and large-scale DNA fragmentation after translocation into nucleus. 6, 23 We found in this study that suppression of the production of PAR polymer via inhibi- In conclusion, we demonstrated that ER stress regulates OGD- 
